Produced water has been a big issue of water and environmental pollution. In this research, results of an experimental and modeling study on the separation of oil and salts from produced water using a . In addition, the fouling mechanism involved in UF processing of produced water was investigated by modeling. Experimental results of permeation flux were compared to the results of the fouling models. After the cake filtration model, the intermediate pore blocking model was found to predict the experimental data very well.
INTRODUCTION
Produced water is the largest waste stream in the oil and gas industry and has attracted much attention in recent decades in the development of new technologies for treatment processes (Ahmadun et al. ) . Produced water contains organic and inorganic materials including salts and oil hydrocarbons (HCs). The characteristics of produced water differ from well to well and also depend on reservoir lifetime. As time goes on, the amount of produced water will increase and the amount of oil/gas produced will decrease.
Conventional physical, chemical and biological methods have been utilized to treat produced water (Nicolaisen ) .
The treatment of produced water requires de-oiling and demineralization. Various technologies can be used to treat produced water. A combination of pre-and post-treatment processes should be used to reduce the amount of produced water contaminants in order to reach to an acceptable level.
Traditional methods such as absorbers, disposable filter, hydrocyclone, dissolved air flotation (DAF) and clarifiers do not have an acceptable efficiency to meet the potable and irrigation water quality standards (Ebrahimi et al. ) . The use of membrane filtration processes such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) offers potential advantages over traditional methods for the treatment of produced waters. Figure 1 shows the conventional methods including coalescer, skimmer, API (American Petroleum Institute) separator, gravity separation and sand filtration used at Desalting Plant No. 2 of Karoon Oil and Gas Production Company, Ahwaz, Iran. Gravity separation followed by skimming is effective in removing free oil from wastewater.
API separators have found widespread acceptance as an effective low-cost primary treatment step. These methods are not effective in removing salts, smaller oil droplets and emulsions, however. Oil that adheres to the surface of solid particles can be effectively removed in a primary clarifier. Conventional methods are not efficient to achieve the water quality that is necessary for re-injection into a reservoir for enhanced oil recovery, which is why an advanced treatment process is required.
Membrane technology can be an efficient and inexpensive alternative method for produced water treatment (e.g. Produced waters which are produced daily in Iran's oil and gas industries have become a big threat to water resources and the environment, one that must be solved urgently. This study focuses on the efficiency assessment of a polymeric UF process used for the effluent treatment of a desalting plant. This system could produce permeate with oil and grease content that meets the International Discharge Standards. Based on these results, it is proposed that conventional wastewater treatment methods can be replaced with this system. Furthermore, the effect of TMP on the permeation flux of UF membrane was investigated.
Hermia's () models were used to understand the Efficiency of a pilot-scale hybrid RO system for produced water treatment was determined and the quality of treated water for irrigation and other potential uses were assessed. It was found that the system was efficient and met the irrigation water or discharge water quality standards by reducing the conductivity by 95% and total dissolved solids (TDS) by 94%. The efficiency of a pilot-scale plant including aeration tank, air flotation, sand filter and UF assessed for produced water treatment, which met the water quality standards for injection into oil-wells or discharging into surrounding environment.
Melo et al. () NF and RO Produced water
Efficiency of a pilot-scale RO/NF unit for produced water treatment in meeting the irrigation water quality standards was assessed.
Treatment of an oily wastewater from an oilfield using a tubular UF PVDF modified by inorganic nano-sized alumina particles was studied. It was found that the treated water met the injection or drainage water quality requirements.
Rezaei Hosein Abadi et al. () Ceramic MF Oily wastewater
Treatment of an oily wastewater using a tubular ceramic MF membrane was studied. The efficiency of backwashing was studied, and it was found that backwashing can prevent permeate flux decline tremendously.
Salahi et al. ()
Polymeric UF and MF
Oily wastewater
Two MF and three UF membranes were used to treat an oily wastewater and the permeation flux and rejection results of the membranes were compared. The fouling mechanism of the membranes was studied with Hermia's model. It was found that cake filtration model has the best results.
Abbasi et al. () Ceramic MF Oily wastewater
Mullite and mullite-alumina MF membranes were synthesized to treat an oily wastewater. It was found that mullite MF membrane has the highest retention and the lowest fouling resistance. 
EXPERIMENTAL Experimental system
The experiments were carried out in a laboratory-scale cross Removal of heavy metals such as Cu(II), Ni(II) and Cr(III) from synthetic wastewater using a polymer-enhanced UF process was studied.
Walha et al. () UF, NF and RO
Drilling water UF and NF membranes were used as pre-treatment steps before the desalination process and high-pressure RO membrane to desalt the drilling water.
Passarini et al. () -Sanitary wastewater
The effluent has been treated by decantation and filtration in a poly (vinyl acetate) membrane and the water has been used for irrigation of corn seeds.
membrane was collected in the permeate collection vessel.
The permeation flux was measured for 2.5 h using an electronic balance. During the experiments, flow rate, TMP, feed temperature and pH were carefully controlled. All of the adjustments and measurements for the UF experiments were the same.
The experiments were conducted at four levels of pressure (1, 2, 3 and 5 bar), a temperature of 40 W C, cross flow velocity (CFV) of 1 m s -1 and pH of 7.
Process feed
The raw produced water was provided from Desalting Plant
No. 2 of Karoon Oil and Gas Production Company, Ahwaz, Iran. The feed was collected and used immediately. This wastewater contains contaminants such as oil, salts and heavy metals. Analysis of the feed is presented in Table 2 . Figure 3 shows the volume-based particle size distribution of produced water. Instruments Ltd, UK).
Produced water analysis

Ultrafiltration membrane
The membrane used in the experiments was a rectangular Table 3 .
RESULTS AND DISCUSSION
Experimental investigation of UF membrane for produced water treatment
Effectiveness of the UF membranes for treatment of produced water was assessed by the quality of permeate. A pressure of 3 bar was therefore selected as the optimum pressure for the UF process at the experimental conditions tested.
Comparison of UF with the conventional treatment method Table 2 presents the results of two different treatment methods (UF and conventional method). Currently, a conventional method is being used at Karoon Oil and Gas 
Modeling of polymeric UF membrane for produced water treatment
The fitting of Hermia's () models to experimental data are shown in Figure 5 (a)-(d). In all cases, it was found that the permeation flux decreased with filtration time. In
order to ensure precise analysis of the filtration mechanism and also to avoid unsteady-state conditions, the collected permeate during the first 60 seconds of the filtration process was neglected. Hermia's models were fitted to the obtained permeation flux data to describe various filtration mechanisms.
Linear relationships between J -2 (where J is filtration flux) and time t, J -0.5 and t, ln J and t and J -1 and t were determined for the cake filtration, standard pore blocking, complete pore blocking, and intermediate pore blocking models, respectively, to calculate the constant values K of the models. Membrane fouling increased with increase in TMP significantly, which can be due to the formation of a thicker cake/gel layer. This layer traps oil droplets among sediment pores and does not let water pass through the membrane.
The results from all models were compared to determine the best model for prediction. The results showed that average errors of predicted flux for the complete pore blocking 
Cake formation model
In the cake formation model, oil droplets/particles do not enter the membrane pores but form a cake/gel layer over the membrane surface. Figure 5 This may be due to the fact that most of the particles/oil droplets are retained by the membranes at the experimental conditions tested. The fitting error of the cake formation model decreases with increasing TMP. This may be attributed to the fact that formation and compression of the cake layer over the membrane surface is more pronounced at higher pressures. Table 4 shows that the lowest fitting errors were obtained by the cake formation model at all experimental conditions tested.
Intermediate blocking model
Intermediate blocking occurs when the size of oil droplets/ particles is similar to the membrane pore size; some oil droplets/particles therefore obstruct a membrane pore entrance without blocking the pore completely. Table 4 indicate that the accuracy of this model is higher than the complete pore blocking model, but lower than the intermediate pore blocking model. This may be related to the fact that most of the oil droplets do not enter the membrane pores and are retained from the membrane pores, since the size of the oil droplets is greater than the that of the membrane pores.
According to the error values for the fitting of the different models listed in Table 4 , it can be concluded Hermia's models were used to study the fouling mechanism involved in UF of produced water. Experimental results of permeation flux versus filtration time were compared to Hermia's fouling models. It was found that the best fit to the experimental data corresponds to the cake formation model, followed by the intermediate pore blocking model,
for all the experimental conditions tested. The results
showed that by increasing TMP from 1 to 5 bar, the average error of the cake formation model in prediction of permeation flux decreased from 5.61 to 2.52%.
